A dult scoliosis is a 3D deformity of the lumbar spine and is defined by a deviation in the coronal plane of a greater than 10° Cobb angle.
than 50°, Cobb angles in lumbar spines with degenerative scoliosis mostly do not exceed 40°. 1, 29, 33, 45 Nonetheless, patients with degenerative scoliosis can proceed to develop more disabling conditions, such as spondylolisthesis or spinal canal stenosis resulting in symptomatic neurological compression. 13, 45 Patients suffering from degenerative lumbar scoliosis and symptomatic spinal canal stenosis often present with low-back pain, radiculopathy, and neurogenic claudication. 13, 29, 30, 43 When surgery is indicated, a single-level, facet-sparing laminectomy is the most commonly performed treatment to decompress the spinal canal and associated nerve roots. 46 Subsequently, additional posterior instrumentation composed of pedicle screws and rods can be performed to prevent postoperative instability following laminectomy. However, there is extensive discussion in the literature as to whether posterior instrumentation should be performed to stabilize the spine after the laminectomy. 20, 35 The rationale behind instrumentation is that removal of the lamina is destructive to the anatomy of the lumbar spine and has been shown to alter its biomechanics. 3, 7 Moreover, single-level laminectomy in degenerative lumbar scoliosis might result in progression of the curve or progressive symptomatic postoperative instability of the scoliotic lumbar spine, with an incidence of post-laminectomy iatrogenic spondylolisthesis of 8%-31%. 8, 26 However, previous investigations have focused on patients with spinal stenosis, or they were performed using cadaveric spines without degenerative lumbar scoliosis. 3, 6, 8, 26, 48 The effects of the facet-sparing laminectomy and the short instrumentation on the stability of the degenerative scoliotic lumbar spine have never been quantified.
Therefore, the first aim of this study was to assess the effects of laminectomy and posterior instrumentation on the stability of lumbar spines with degenerative scoliosis. Spinal stability was analyzed by measuring the range of motion (ROM) and stiffness around the neutral zone (NZ) of the spinal segments. Since intervertebral DD is believed to have a detrimental effect on the ROM and NZ stiffness of the affected spinal segments, 41 our second aim was to assess the ROM and NZ stiffness of the lumbar spinal segments as a function of the degree of intervertebral DD.
We hypothesized that laminectomy increases the ROM and decreases the NZ stiffness of the treated spinal segments, with only minor or no changes in the adjacent, untreated segments. On the other hand, we hypothesized that there would be a decrease in ROM and an increase in the NZ stiffness of the treated levels following the placement of posterior instrumentation.
Methods

Patients
Fresh-frozen (-20°C) human cadaveric spines from a population of older donors (mean age 82 ± 11 years at time of death) were screened for scoliosis using plain anteroposterior and lateral radiographs (Digital Vet DX-6, Sedecal) to measure the Cobb angle. 16, 17 Ten lumbar spines (T12-L5) with a Cobb angle of ≥ 10° and the apex on L3 were harvested (range 11.1°-41.3°). Standard T2-weighted MR images (syngo MR A30, Siemens Symphony 1.5 T; software NUMARIS/4) of the intact lumbar spines were acquired to assess the grade of DD of T12-L1, L1-2, L2-3, L3-4, and L4-5 according to the Pfirrmann classification of T2-weighted midsagittal sections. 42 Assessment was performed by an experienced spine surgeon (B.v.R.) and a radiology resident (R.H.). The radiographs, MR images, and visual inspection confirmed that the lumbar spines were intact, with no fractures or slippage of the intervertebral disc present in the segments. Before mechanical testing, the spines were thawed for 18 hours in a refrigerator at 8°C while wrapped in saline gauzes and double plastic bags. When thawed, all muscle tissue and excessive soft tissue was removed, while all stabilizing ligaments (i.e., anterior and posterior longitudinal ligaments, interspinous and supraspinous ligaments, facet capsular ligament, and the flavum ligaments) were kept intact. To prevent dehydration, the spines were wrapped in saline-soaked gauze before testing and in between tests.
Mechanical Testing
The vertebral bodies of T12 and L5 were embedded in a casting mold using a low-melting-point (48°C) bismuth alloy, with screws attached to the upper and lower vertebral bodies to optimize the fixation between the vertebrae and alloy. The spines were placed in a previously described 4,6,7,9 custom-made 4-point bending device in which moments can be applied by a hydraulic materials-testing machine (model 8872, Instron) (Fig. 1 ). Pins mounted with 3 Optotrak (Optotrak Certus, Northern Digital Inc.) motion-capture LEDs each were attached to the anterior side of the vertebral bodies of L1-4 and to the casting molds in order to track and capture the motion pattern. The mechanical tests consisted of a set of 3 consecutive loading cycles from -4 Nm to 4 Nm at an angular velocity of 0.5°/ second and were performed at room temperature. The moments were applied consecutively in 3 different loading directions: flexion/extension (FE), lateral bending (LB), and axial rotation (AR). To correct for order effects, the order of directions was balanced and alternated between LB-FE-AR and AR-FE-LB. Since the test setup had to be converted for each test, there were approximately 5 minutes between each loading direction.
Surgical Procedures
A single-level laminectomy was performed and consisted of removal of the lamina and spinous process of the apex (i.e., L3), while keeping the pars interarticularis and facet joints intact. This resulted in a disruption of the supraspinous, interspinous, and flavum ligaments. The posterior instrumentation consisted of a short instrumentation inserted between the two adjacent vertebrae to the apex (i.e., L2 and L4) with titanium rods and pedicle screws in L2 and L4, without a cross-connector. Both procedures were analogous to standard clinical practice and were performed by an experienced spine surgeon (B.v.R. or A.S.). Subsequent mechanical testing followed after both the laminectomy and posterior instrumentation.
Data and Statistical Analysis
The motion pattern of the clusters of LEDs on the vertebrae and casting molds was recorded by a motion analysis system (Optotrak Certus) at a sample rate of 100 samples/sec. The load-displacement data of the 4-point bending device were recorded and digitized at 100 Hz. The ROM (in degrees) was calculated between -4 Nm and +4 Nm from load-displacement data for the whole spine (i.e., T12-L5) and for each motion segment (i.e., T12-L1, L1-2, L2-3, L3-4, and L4-5) using a custom MATLAB program (MathWorks) to calculate Euler angles with Euler decomposition, always starting with the angle in the loaded direction. The stiffness (in Nm/degree) within the NZ for the whole spine and per motion segment was calculated from the load-displacement data between -1 and 1 Nm. 4, 11 To limit viscoelastic effects, the third cycle of the 3 loading cycles per direction was used for analysis. 28, 50 Because most of the NZ stiffness data appeared to be not normally distributed (Shapiro-Wilk test), the effect of laminectomy and posterior instrumentation on NZ stiffness was analyzed using Friedman tests and post hoc Wilcoxon signed-rank tests. For ROM, one-way ANOVAs with repeated measures and post hoc Friedman's leastsquare difference were used to analyze the effect of the surgical procedures. 32, 40 Spearman's rank correlation coefficient (r) was used to study the effect of DD on ROM and NZ stiffness. All statistical tests were performed by using IBM SPSS Statistics for Windows, Version 22.0 (IBM Corp.).
Results
One spine was excluded after testing due to severe osteoporosis, which prevented rigid attachment of the LED markers. Nine spines were left for further analysis.
Full Spines
There was a significant main effect of the surgical procedures on the ROM and NZ stiffness of the full spinal segment (i.e., T12-L5) in all loading directions (p < 0.05) (Figs. 2 and 3). The laminectomy procedure resulted in a mean increase in the ROM of 9.5% in FE (p = 0.04) and 4.6% in LB (p = 0.01), and a nonsignificant increase of 4.7% in AR (p = 0.18). For NZ stiffness, there were no significant effects of laminectomy (Figs. 2 and 3) .
Posterior instrumentation resulted in a significant decrease in ROM in all loading directions, both relative to the native state (-22.2%, -24.4%, and -17.6% for FE, LB, and AR, respectively; all p < 0.05) and compared to after laminectomy (-28.9%, -27.8%, and -21.3% for FE, LB, and AR, respectively; all p < 0.05). NZ stiffness was increased by posterior instrumentation, compared to both the native state (+44.7%, +51.7%, and +35.2% for FE, LB, and AR, respectively; all p < 0.05) and after laminectomy (+50.7%, +50.4%, and +35.0% for FE, LB, and AR, respectively; all p = 0.01).
Untreated Individual Segments
There was no effect of surgical treatment on the ROM of the nontreated segments (T12-L1, L1-2, and L4-5 [see Table 1 ]). Furthermore, no significant changes in NZ stiffness were observed after laminectomy in the nontreated segments. Posterior instrumentation only increased NZ stiffness in LB on level T12-L1, with 37.5% compared to native state and 14.5% compared to after laminectomy (both p < 0.05), and on L1-2 with 48.0% compared to the state after laminectomy (p = 0.01) ( Table 2 ). The NZ stiffness of L4-5 was not affected by the surgical procedures.
Treated Individual Segments
Laminectomy decreased the NZ stiffness, with 22.5% on L3-4 in LB (p = 0.04) ( Table 2 ), but it did not significantly alter the ROM of the treated segments (Table 1) . Posterior instrumentation, however, caused a significant decrease in the ROM of the treated segments in FE and LB relative to both the laminectomy and the native state (Table 1) . AR ROM was only decreased in L2-3, with 40.4% compared to after laminectomy (p = 0.04). Severe increases in NZ stiffness after placement of posterior instrumentation were found, especially in FE, with 236% on L2-3 and 143.9% on L3-4, both relative to the native state (both p < 0.03), and an increase of 303.7% on L2-3 and 214.8% on L3-4 relative to the state after laminectomy (both p = 0.01). On L2-3, there was an increase in LB of 189.5% relative to the native state and 211.7% relative to the state after laminectomy (both p < 0.05).
Correlations Between Disc Degeneration and Stability
For intervertebral DD, there was a negative correlation with ROM and a positive correlation with NZ stiffness in FE and LB in the segments around the apex (i.e., L2-4) ( Table 3 ). There was no effect of DD on the non-apex segments (i.e., T12-L1, L1-2, and L4-5).
Discussion
Patients suffering from de novo degenerative lumbar scoliosis are often disabled by severe neurological symptoms, caused by spinal canal stenosis. 1 To relieve symptoms, single-level laminectomy followed by posterior instrumentation is a common surgical treatment. 20 However, the effect of these procedures on the stability of the scoliotic lumbar spine is unknown, and thus, it is not known whether posterior instrumentation is necessary after laminectomy to prevent instability.
In this study, we found that laminectomy causes a 9.5% increase in the ROM for the entire spine in FE and a 4.6% increase in LB, although no significant increase was found in the ROM of any individual segment. There was only a significant decrease in the stiffness of the spine in FE on L3-4, which was the lower adjacent segment of the apex of the curve. For posterior instrumentation, however, there was a strong decrease in ROM and a substantial increase in the stiffness of both the whole lumbar spine and individual, treated levels in most directions.
We also showed that intervertebral DD had a negative correlation with the ROM and a positive correlation with the NZ stiffness in FE and LB around the apex, suggesting that the degree of DD has a detrimental effect on the flexibility of the spinal segment around the apex.
The native ROM of the degenerative scoliotic spines studied here was lower than the reported ROM of nonscoliotic spines from the same population, studied using the same methodology. 3, 7 Conversely, the NZ stiffness was found to be higher than that reported in nonscoliotic spines. 3, 7 After laminectomy, the ROM and NZ stiffness values are still lower and higher than those of nonscoliotic spine, respectively. This suggests that laminectomy does not result in instability in degenerative scoliotic spines. After instrumentation, the ROM and NZ stiffness further deviate from native values found in nonscoliotic spines.
3,7
An explanation for the relatively stiff spines may be the degeneration of the intervertebral discs, which were found to be positively related to a decreased ROM and increased NZ stiffness. Faraj et al. have also found that increased intervertebral DD is associated with curvature progression in cases of degenerative lumbar scoliosis, which may be a sign of progression of the disease itself. 22 That severe intervertebral DD stiffens the spine has also been previously reported by several groups in nonscoliotic spines.
5,41,44
These biomechanical results provide a fundamental support for several clinical observations. For instance, Masuda et al. found that the Cobb angle does not progress after decompression alone, which indicates that the spine remains stable after decompression. 39 Kleinstück et al. compared decompression alone, limited fusion without deformity correction, and long-segment fusion with deformity correction in degenerative lumbar scoliosis and found no difference in patient-reported outcome measures after a 2-year follow-up period. 38 Similarly, in randomized controlled trials of patients with lumbar spinal canal stenosis, with or without degenerative spondylolisthesis, decompressive surgery followed by the placement of posterior instrumentation did not result in better clinical outcomes after 2 and 5 years of follow-up than decompressive surgery alone. 23, 36, 39 Notably, Daubs et al. compared the duration of the symptom-free results after decompression alone with decompression and fusion surgery in patients with mild degenerative lumbar scoliosis (< 30°) and stenosis after long periods of time. At 5 years postoperatively, 12 (75%) of the 16 patients in the decompression-alone group developed recurrent stenosis versus only 14 (36%) of 39 patients in the decompression and fusion group (p = 0.016). 19 The results of Daubs et al. indicate that decompression alone may result in a return of stenotic symptoms (i.e., progressive instability) compared to decompression and fusion after long periods of time in the setting of mild degenerative lumbar scoliosis and symptomatic stenosis.
19
The prevalence of degenerative lumbar scoliosis ranges from 1% to 10%, and is reported to be more than 30% in asymptomatic elderly subjects. 45 Patients with degenerative lumbar scoliosis present at a relatively high age, often with several comorbidities and poor bone quality. 1, 25, 45, 52 This increases the risk of intra-and postoperative complications, 15, 21 which is shown by a study of Transfeldt et al., who reported a complication rate of 40%-56% after spinal fusion, compared to only 10% in decompression alone. Decompression of the spinal canal, achieved by performing a laminectomy, which is not followed by posterior instrumentation, may avoid the risk of intra-and postoperative complications attendant on posterior instrumentation (e.g., neurological deficit, screw malposition, proximal junctional kyphosis, or instrumentation failure).
14,27
This study has several limitations. Despite inherent design weaknesses that are mostly related to the difficulty for in vitro studies to precisely replicate the biomechanical effects of decompression and instrumentation in patients with scoliotic spines, it has to be noted that all radiographic images of the specimens were taken in a supine position rather than a more natural weight-bearing standing position, which is known to increase Cobb angle measurements in patients with scoliosis and might explain why we did not find any lateral slippage.
10,51 Also, during mechanical testing, we did not apply compressive axial loading. However, applying axial compression while testing would create additional moments, especially in spines with various degrees of scoliosis, that could interfere with the loading directions and consequently have an effect on the loaddisplacement data. 37 While a follower load could potentially reduce buckling problems with compression, follower loads can never precisely and continuously be applied through the center of rotation during spine bending and therefore may cause substantial additional bending moments of unknown magnitude. Moreover, follower loads have been shown to cause substantial shear loads. 18 The amount of loading and the loading directions are based on previous studies and represent bending moments that normally act on lumbar spines 4, 6, 7, 11, 12, 31, 49, 50 and are similar to previous work, thereby allowing quantitative comparisons. However, no failure tests were performed, as the aim of this study was to assess the stability of lumbar spines with degenerative scoliosis. The results should be interpreted with caution, as the human cadaveric model only resembles the patient model and is not identical to patients. The spines were carefully selected for scoliosis and degenerative changes such as DD and osteophytes, characteristic of the findings in patients with degenerative lumbar scoliosis. Unfortunately, the medical records were unavailable, and it is unknown whether these radiographic features represented true degenerative lumbar scoliosis or adolescent idiopathic scoliosis with subsequent spinal degeneration. However, in a general elderly population, the prevalence of degenerative lumbar scoliosis can be expected to be much higher than that of adolescent idiopathic scoliosis. 45 Moreover, it should be noted that the present study did not use dual-energy x-ray absorptiometry (a.k.a., DEXA) scans to assess for osteoporosis, which is of particular interest when considering surgical treatment in elderly patients with degenerative lumbar scoliosis. 2 The presence of osteoporosis does not necessarily preclude surgical treatment, but low bone quality may alter the biomechanical effect of decompression alone or decompression with instrumentation. Future studies on the effect of osteoporosis on spinal stability after these surgical procedures are therefore warranted. Also, some differences in ROM of NZs after the surgical procedures were quite large but not significant. For example, there was a 45.6% decrease in NZ stiffness at L3-4 in AR after laminectomy, with a p value of 0.07. This suggests that the statistical power of the study is low due to the limited number of human cadaveric specimens that could be included. Due to the use of this study population, we were unable to follow these patients over time, and thus, it was impossible to study the effect of the surgical procedures over time. Since degeneration is a slowly occurring process, progressive instability might develop over time after decompression, and thus, long-term changes are clinically important as well, such as shown by the previously mentioned study by Daubs et al. 19 However, several clinical studies with up to 5 years of follow-up show good clinical outcome, which suggests that the immediate effect of the surgical procedures by directly altering spinal biomechanics is greater than the slow effect of end-stage degeneration. 23, 36, 39 For posterior instrumentation, there were screws placed in L2 and L4, which were connected with bilateral rods. No screws were placed in L3, as this would increase the difficulty of placing the rods in the screws at this level due to the variety in Cobb angle of the lumbar spines. This pragmatic setup was chosen since our aim was to stabilize the spine after the decompression, rather than to correct the deformity. In patients, placing screws at the level of decompression is common practice. However, placing screws at the level of the apex would only increase stiffness, as has been shown by the biomechanical study of Hart et al. 34 Finally, we did not take foraminal stenosis into account, which is known to be prevalent in degenerative lumbar scoliosis. 24 It would be interesting to study the biomechanical effect of widening the foramen (i.e., removing the facet joint) at the concave site of curve in further research.
Conclusions
This study evaluated the short-term biomechanical effects of spine surgery on degenerative scoliotic lumbar spines of human cadavers. The ROM of lumbar spines with degenerative scoliosis is slightly increased by laminectomy, while the NZ stiffness of lumbar spines is not affected, and both remain within physiological range. How- ever, posterior instrumentation results in a severe decrease in ROM and increase in NZ stiffness. This indicates that the laminectomy does not result in severe instability, whereas spinal fusion results in a rigid construct. This suggests that patients with degenerative lumbar scoliosis may be served better by undergoing a laminectomy alone, as this would, in cases of symptomatic spinal stenosis due to degenerative lumbar scoliosis, relieve them from the disabling symptoms by widening the spinal canal, whereas spinal instrumentation might not be necessary, as this only causes an immediate, severe decrease in ROM and increase in NZ stiffness. Long-term effects should nevertheless be studied before implementing this approach into the clinic.
